The Tweety proteins are a family of recently identified putative Cl − channels predicted to be modified by N-glycosylation and, controversially, to contain five or six membrane-spanning domains, leading to the contentious proposal that members of this family do not share the same topology at the plasma membrane. In humans, three family members have been identified, designated TTYH1 (Tweety homologue 1), TTYH2 and TTYH3. To gain greater insight into the arrangement of membrane-spanning domains and cellular processing of Tweety proteins, in the present study we have examined the sequence homology, hydrophobicity and N-glycan content of members of this family and performed Nglycosylation site-mutagenesis studies on TTYH2 and TTYH3. Based on these observations we propose a structure for Tweety family proteins which incorporates five membrane-spanning domains with a topology at the cell surface in which the N-terminus is located extracellularly and the C-terminus cytoplasmically. Our results also suggest that N-glycosylation is important, but not essential, in the processing of members of the Tweety family with results indicating that, although incomplete N-glycosylation mediates reduced expression and increased ubiquitination of TTYH2, N-glycosylation is not the determining factor for TTYH2 trafficking to the plasma membrane. This information will be important for the characterization of Tweety family proteins in normal physiology and disease.
INTRODUCTION
The human Tweety proteins TTYH1 (Tweety homologue 1) [1] , TTYH2 [2] and TTYH3 [3] are putative maxi-Cl − channels [3] named after the protein encoded by the Drosophila melanogaster gene twe (Tweety) which was originally identified in a region of the fly genome spanning the fli (flightless) locus [4] . Whereas Cl − channel activity has been ascribed to full-length TTYH2 and TTYH3, ion-channel activity for TTYH1 is apparent only in a C-terminal variant isoform, designated TTYH1s, encoded by an mRNA transcript lacking exon 11 [3] . Furthermore, Cl − channel activity is differentially induced in these proteins, with TTYH1s activity regulated by cell swelling, whereas TTYH2 and TTYH3 activity requires ionomycin and calcium ions [3] .
Although gene deletion studies in Drosophila indicated that, unlike fli, the twe gene and two nearby genes, dod (dodo) and pen (penguin), are unnecessary for normal fly development, simultaneous deletion of twe, dod and pen resulted in reduced viability, pointing to important physiological roles for these three genes [4, 5] . In humans, the potential importance of the activity of Tweety family members in disease has been indicated by a report of significantly up-regulated TTYH2 mRNA expression in RCC (renal cell carcinoma) and the association of amplification of the genomic region containing the TTYH2 gene, 17q24-q25, with adrenocortical tumours, brain metastases of solid tumours and muscle-invasive bladder cancer [2] . A potential role in malignancy has also been indicated by a report showing up-regulation of TTYH2 mRNA expression in colorectal cancer and the ability of TTYH2 silencing to induce reduced proliferation and increased aggregation of the colon cancer cell lines Caco-2 and DLD1 [6] .
In addition to the human Tweety genes, orthologues have been identified for TTYH1 in mouse, macaque and Caenorhabditis elegans [1] and TTYH2 in mouse [2] , with two additional twe genes reported in fly [1, 3] . Analyses of the encoded Tweety proteins have indicated high levels of sequence identity as well as common structural features [1] [2] [3] . For example, consistent with Ca 2+ dependence, both TTYH2 and TTYH3 contain a acidicamino-acid cluster at the C-terminus, predicted to interact with Ca 2+ ions [3] , which is lacking in TTYH1s but present in fulllength TTYH1. Also, whereas TTYH1 [1] and TTYH2 [2] are predicted to contain five transmembrane regions, TTYH3 is proposed by Suzuki and Mizuno [3] to possess six membranespanning domains. The predicted topology of TTYH3, which is analogous to the structure of cation channels such as the TRP (transient receptor potential) family and large conductance K + channels, was examined, in part, by mutagenesis of the threonine codon of each of the three TTYH3 N-glycosylation sequons (N 126 RT, N 144 HT and N 351 GT) [3] . This approach indicated that only one site, N 351 GT, was glycosylated. Accordingly, as the first two sequons (N 126 RT and N 144 HT) are located on a single peptide loop and the third sequon on another loop, this observation was interpreted to indicate that only the latter loop could be located extracellularly, supporting the proposal of six TTYH3 transmembrane domains [3] .
Ion-channel functions are critically dependent on the correct arrangement of membrane-spanning domains. For example, Abbreviations used: CHO, Chinese-hamster ovary; dod, dodo; DTT, dithiothreitol; ECL, extracellular loop; Endo H, endoglycosidase H; ER, endoplasmic reticulum; fli, flightless; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFP, green fluorescent protein; HA, haemagglutinin; HEK-293, human embryonic kidney 293; HRP, horseradish peroxidase; pen, penguin; PNGase F, N-glycosidase F; RCC, renal cell carcinoma; TRP, transient receptor potential; TTYH, Tweety homologue; twe, Tweety. 1 Present address: Institute for Molecular Bioscience, University of Queensland, Brisbane, Queensland 4072, Australia 2 To whom correspondence should be addressed (email jd.hooper@qut.edu.au).
calcium channel γ -subunits comprise an eight-member protein family that share a common topology consisting of four transmembrane domains [7] , whereas TRP ion channels consist of six transmembrane domains [8] and each subunit of the members of the cysteine-loop family of transmitter-gated ion channels contains four transmembrane domains [9] . Currently it is not clear how TTYH1s (which is a TTYH1 isoform with the last 28 residues after residue Pro 522 replaced by a new 36 amino acid C-terminal), TTYH2 and TTYH3 could share the ability to function as Cl − channels and yet have different transmembrane arrangements. In the present study we have compared the N-glycan content of the three human members of the Tweety family in order to evaluate whether TTYH1/TTYH1s and TTYH2 share the predicted membrane topology of TTYH3. We have also performed mutagenesis studies on TTYH2 and TTYH3 N-glycosylation sequons and examined the effect of N-glycosylation on cellular processing of TTYH2. Our results, which are inconsistent with the analysis of Suzuki and Mizuno [3] , suggest that all consensus N-glycosylation sites of human members of the Tweety family are able to be glycosylated and support the proposal that this ion-channel family contains five membrane-spanning domains. Our results also indicate that Nglycosylation is not critical for plasma-membrane localization of TTYH2, but incomplete N-glycosylation does impact on TTYH2 protein levels and ubiquitination.
MATERIALS AND METHODS

Bioinformatics analyses
Alignments and searches were performed using algorithms available at the Australian National Genomic Information Service BioManager website (http://www.angis.org.au). Kyte-Doolittle hydropathy analyses (window size = 12) were performed using Protean software, part of the DNASTAR software suite.
Antibodies
Monoclonal antibodies against Myc (EQKLISEEDL) and HA (haemagglutinin; YPYDVPDYA) epitopes were purchased from Cell Signaling Technology (Genesearch). A polyclonal anti-ubiquitin antibody was from Sigma. Monoclonal and rabbit polyclonal anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibodies were purchased from Chemicon and Abcam respectively. Secondary antibodies were HRP (horseradish peroxidase)-conjugated goat anti-mouse and goat anti-rabbit antibodies from Pierce.
Cell culture and transfections
CHO (Chinese-hamster ovary), African green monkey kidney fibroblast-like (COS-7) and HEK-293 (human embryonic kidney 293) cells were obtained from the American Type Culture Collection, maintained in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10 % fetal bovine serum, 100 units/ml penicillin and 100 units/ml streptomycin and incubated at 37
• C in 5% CO 2 . Transfections were performed using Lipofectamine TM 2000 (Invitrogen) following the instructions of the manufacturer. Cells were then cultured for 6 h before collection.
Expression constructs
The complete coding sequence of human TTYH1 was PCRamplified from a human hippocampus cDNA library (from Dr Xueqing Wang, School of Molecular and Microbial Sciences, University of Queensland, Brisbane, Queensland, Australia) using primers 5 -ACTCCGGAGGCTCCCGCA-3 and 5 -CTCCAG-TCCAGCCGGGAGGAG-3 . The full-length TTYH2 coding sequence was cloned from an RCC tissue sample using primers 5 -GCCGAGCCATGCAGGCGTC-3 and 5 -CGGGCT-CCAGATGCCTTTGG-3 . RCC tissue was collected at the Princess Alexandra Hospital (Woolloongabba, Australia) and was obtained under institutional ethics approval and informed patient consent. The TTYH3 cDNA was provided by Dr Amanda Patel (Centre National de la Recherche Scientifique, Montpellier, France). The TTYH1, TTYH2 and TTYH3 cDNAs were used as templates to generate the expression constructs TTYH1-HA, TTYH2-Myc and TTYH3-HA in pcDNA3.1 (Invitrogen) and TTYH2-GFP (where GFP is green fluorescent preotein) in pEGFP-N1 (Clontech). Mutations at sites encoding consensus N-glycosylation motifs were introduced by site-directed mutagenesis using the proof-reading polymerase PfuUltra (Stratagene). The integrity of all constructs was confirmed by DNA sequencing.
Digestion with PNGase F (N-glycosidase F) and Endo H (endoglycosidase H)
Cell lysates were denatured by boiling for 10 min in a buffer containing 0.5 % SDS and 40 mM DTT (dithiothreitol). Digestion with PNGase F (New England Biolabs) was then performed at 37
• C overnight in a reaction buffer containing 50 mM sodium phosphate (pH 7.5) and 1 % Nonidet P40. Endo H (New England Biolabs) was used in a sodium citrate (50 mM, pH 5.5) buffer in the presence of 1 % Nonidet P40 and incubated at 37
• C overnight. After addition of Laemmli loading buffer the samples were subjected to SDS/PAGE followed by Western blot analysis.
Cell-surface biotinylation
HEK-293 cells transfected with wild-type and mutant TTYH2-Myc expression constructs were washed three times with PBS, and plasma membrane proteins were biotinylated by incubation with cell impermeant EZ-link NHS-SS-Biotin (1.22 mg/ml; Pierce) at 4
• C for 1 h with gentle agitation. The cells were then washed in PBS prior to lysis in a buffer containing 20 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA and 1 % (v/v) Triton X-100. After centrifugation (100 g for 2 min at 4
• C), ImmunoPure immobilized streptavidin (Pierce) was added to the supernatant which was then incubated for 15 min on ice to precipitate biotinylated proteins. The streptavidin beads, associated with biotinylated plasma membrane proteins, were then pelleted by centrifugation (1870 g for 5 min at 4
• C) and the supernatant, containing cytoplasmic proteins, was transferred to a fresh tube. Plasma membrane and cytoplasmic fractions were examined by Western blot analysis.
Western blot analysis
Whole cell lysates were collected in a buffer containing 1 % (v/v) Triton X-100, 50 mM Tris/HCl (pH 7.4), 150 mM NaCl and 1× protease inhibitor cocktail (Roche). Glycosidase-digested proteins, cell lysates and fractions and immunoprecipitated proteins were separated by SDS/PAGE and transferred on to nitrocellulose membranes. After blocking, membranes were incubated with primary antibodies for 1 h at room temperature (23 • C), washed and then incubated with species-appropriate HRP-conjugated secondary antibodies for 45 min. Following washing, membranes were incubated with SuperSignal West Pico Substrate (Pierce) and then exposed to film. Consistent protein loading and transfer was determined by reprobing stripped membranes with either an anti-GAPDH or anti-Myc antibody as appropriate. Where relevant, signal intensity was determined by densitometry analysis using GeneTools software (version 3.07, SynGene, Cambridge, U.K.).
Confocal microscopy
HEK-293 cells transfected with wild-type or mutant TTYH2-GFP expression constructs were washed in PBS, fixed with 4 % formaldehyde, and then nuclei were stained with DAPI (4 ,6-diamidino-2-phenylindole; Chemicon). Cells were imaged with a Leica TCS SP5 confocal microscope (Leica Microsystems) and images were processed and displayed using Adobe Photoshop CS3.
Immunoprecipitation
Transfected HEK-293 cells were incubated in the presence of the proteasome inhibitor MG-132 (10 µM; Sigma) for 6 h before lysis in a buffer consisting of 1 % SDS, 2 mM DTT and protease inhibitor cocktail (Roche). After a 30 min incubation at room temperature in the dark, followed by boiling for 5 min, lysates were treated with 20 mM iodoacetic acid at room temperature for 15 min before being diluted 10-fold in a Tris buffer (pH 8.0) containing 0.56 % Igepal (Sigma) and 50 mM MgCl 2 . Lysates were then pre-cleared with Protein A/G-agarose (Roche Applied Sciences) for 1 h at 4
• C. After centrifugation (10 000 g for 10 min at 4
• C), supernatants were incubated overnight at 4
• C with an anti-Myc monoclonal antibody or isotype immunoglobulin. Fresh aliquots of Protein A/G-agarose beads were then added and the mixture was incubated for 4 h at 4
• C with gentle agitation. Following washes, associated proteins were eluted into Laemmli sample buffer, subjected to electrophoresis and then transferred on to a nitrocellulose membrane, which was autoclaved as described by Swerdlow et al. [10] , before examination by Western blot analysis using an anti-ubiquitin antibody.
RESULTS
N-glycosylation sites and other structural features of Tweety proteins
Consensus N-glycosylation sites (NxS/T; [11] ) have previously been reported for TTYH2 [2] and TTYH3 [3] . To identify Nglycosylation sequons of TTYH1/TTYH1s and to delineate the level of conservation and possible functional relevance of Nglycosylation sites across Tweety family members, a multiple sequence alignment of human, mouse and rat TTYH1, TTYH2 and TTYH3 amino acid sequences was performed. As shown in Figure 1 . Human TTYH2 has a unique N-glycosylation site at Asn 31 whereas human, mouse and rat TTYH3 share the Asn 144 site. This high degree of motif conservation is consistent with the phylogenetic relatedness of TTYH1, TTYH2 and TTYH3 across mammalian species [12] and potentially indicates that N-glycosylation of Tweety family proteins at conserved sites mediates similar biological processes such as cellular localization and protein degradation.
The alignment of human, mouse and rat TTYH1, TTYH2 and TTYH3 amino acid sequences also indicated a high degree of identity between orthologues and homologues. Sequences of orthologues were at least 81 % identical and 90 % homologous, whereas homologues were at least 39 % identical and 55 % homologous ( Figure 1B ). Despite this high degree of conservation between Tweety proteins and the reported function of three members of this family as Cl − channels [3] , TTYH1 [1] and TTYH2 [2] are predicted to contain five membrane-spanning domains whereas TTYH3 is proposed to span the membrane six times [3] . As the membrane-spanning domains of these three proteins were predicted using three different algorithms [1] [2] [3] we performed Kyte-Doolittle hydropathy analyses using a window of 12 residues for human TTYH1, TTYH2 and TTYH3. Using this approach five hydrophobic regions of sufficient length (17-25 residues; [13] ) to span a membrane were identified ( Figure 1C ).
Analysis of N-glycan content of human members of the Tweety family
The N-glycosylation pattern of TTYH3 was used by Suzuki and Mizuno [3] to support the proposal that this Tweety family member has six transmembrane domains arranged such that both N-and C-termini are located on the same side of the membrane, with only one of three N-glycosylation sequons (at Asn 351 ) being glycosylated ( Figure 2A ) [3] . In contrast, Campbell et al. [1] and Rae et al. [2] used membrane topology prediction algorithms to propose that TTYH1/TTYH1s and TTYH2 respectively, contain five membrane-spanning domains oriented at the cell surface, with the N-terminus located extracellularly and the C-terminus intracellularly ( Figures 2B-2D ). Based on this topology, as Nglycosylation occurs on the luminal side of the ER (endoplasmic reticulum) membrane, which orients extracellularly upon protein trafficking to the cell surface [14] , all N-glycosylation sequons of TTYH1/TTYH1s and TTYH2 would be predicted to be available for modification by the addition of oligosaccharides.
Before beginning to explore the orientation of other Tweety family members at the cell surface by examining the occupancy of consensus N-glycosylation sites, we compared the overall N-glycan content of the three full-length human Tweety family members by digestion with two deglycosylating enzymes: PNGase F and Endo H [15] . PNGase F cleaves amide bonds between the N-acetylglucosamine moiety and the asparagine amino acid of high-mannose, hybrid and complex oligosaccharides [15] . Endo H cleaves within the chitobiose core of high-mannose and some hybrid oligosaccharides [15] . Thus PNGase F removes all types of N-glycosylation whereas Endo H removes only high-mannose and some hybrid types of Nglycosylation, but not complex sugars [15] . Lysates of HEK-293 cells transiently expressing either TTYH1-HA, TTYH2-Myc or TTYH3-HA were digested with either PNGase F or Endo H and then were subjected to Western blot analysis using either anti-HA or anti-Myc antibodies. The predicted molecular mass of each human Tweety family member (untagged and epitope tagged) is shown in Figure 3 (A). As shown in Figure 3 (B) PNGase F treatment resulted in the reduction in molecular mass of TTYH1-HA from ∼ 55 kDa to ∼ 50 kDa, TTYH2-Myc from ∼ 70 kDa to ∼ 60 kDa and TTYH3-HA from ∼ 68 kDa to ∼ 59 kDa. In each case PNGase F treatment resulted in a reduction in the molecular mass of each human member of the Tweety family to the molecular mass predicted for the peptide backbone of each protein. Thus N-glycosylation accounts for the difference between the observed and predicted mass for each of these proteins. In contrast, Endo H treatment resulted in incomplete removal of N-linked oligosaccharides from the three human Tweety proteins. As shown in Figure 3 (C), ∼ 50 % of TTYH1-HA molecules (top panel), ∼ 85 % of TTYH2-Myc molecules (middle panel) and ∼ 60 % of TTYH3-HA molecules (bottom panel) were reduced to the molecular mass of the amino acid backbone following treatment with Endo H. However, each protein also contained sugar groups insensitive to this enzyme, resulting in bands of the same molecular mass as the untreated proteins ( Figure 3C ). These results indicate that TTYH1, TTYH2 and TTYH3 transiently expressed in HEK-293 cells contain high-mannose and hybrid oligosaccharides as well as complex sugars. It is also apparent that the majority of post-translational modifications of these proteins are N-linked sugars.
TTYH2 is glycosylated on all four consensus N-glycosylation sites
TTYH2 was selected for further analysis of N-glycosylation of a member of the Tweety family of Cl − channels. To identify which of the potential N-linked sites were glycosylated in TTYH2, we generated mutant TTYH2-Myc expression constructs in which each of the four consensus N-glycosylation sites were individually mutated (NxS/T to QxS/T). The effects of these mutations were examined by transiently expressing wild-type and mutant TTYH2-Myc constructs in HEK-293 cells and analysing the collected lysates by Western blot analysis. The results indicated that mutation of each of the four consensus N-glycosylation sites individually led to a decrease in the molecular mass of TTYH2 (Figure 4 ), suggesting that each site is glycosylated. Mutation at each site resulted in approximately the same reduction in molecular mass of 2-3 kDa, although Asn 129 was consistently the most heavily and Asn 283 the most lightly N-glycosylated site. In addition to the predominant lower-molecular-mass band, each mutant TTYH2 expression construct generated a highermolecular-mass product in HEK-293 cells. The origin of this second band is probably due to increased, heterogeneous Nglycosylation of at least one of the three remaining sequons. It is unlikely to be due to glycosylation at a non-consensus site as TTYH2 lacks known atypical N-glycosylation sequons (NxC and NGGT; [14] ). The result that each of the TTYH2 sequons is glycosylated was unexpected based on: (i) the observation of Suzuki and Mizuno [3] that only one of the three consensus N-glycosylation sites of TTYH3 (Asn 351 ) is glycosylated in transiently transfected CHO cells; and (ii) the high degree of amino acid and structural similarity between Tweety family members.
Analysis of the glycan content of the N 351 GT N-glycosylation sequon of TTYH3
Following identification of an unexpected N-glycosylation pattern for the four TTYH2 consensus sites we next examined whether the result reported by Suzuki and Mizuno [3] was specific to the CHO cell line. We followed the approach of these workers to develop a TTYH3-HA expression construct in which the third residue of the N 351 GT N-glycosylation sequon was mutated from a threonine to an alanine residue (T353A). In addition, we generated a TTYH3-HA construct in which the first residue of this sequon was mutated from an asparagine to a glutamine residue (N351Q). These constructs were transiently transfected into HEK-293 cells and recovered lysates were analysed by Western blot analysis using an anti-HA tag antibody. As shown in Figure 5 (A), removal of the N 351 GT N-glycosylation site by mutation of either the first or third codon resulted in a small drop in molecular mass of the protein generated by HEK-293 cells which did not account for the complete N-glycan content of TTYH3. Surprisingly, when reproducing the approach of Suzuki and Mizuno [3] using lysates from CHO cells transiently transfected with these constructs, we also observed only a small drop in molecular mass of TTYH3 ( Figure 5B) . Furthermore, the same result was also seen in Figure 5C ). These results suggest, contrary to the report of Suzuki and Mizuno [3] , that N 351 GT is not the only glycan-occupied consensus N-glycosylation site of TTYH3.
COS-7 cells (
Multi-site mutation analysis of the N-glycan content of TTYH2
To further examine N-glycosylation of TTYH2, an additional eleven mutant expression constructs were generated in which all possible combinations of the four N-glycosylation sequons were mutated. These included six constructs in which two of the consensus sites were simultaneously mutated, four constructs in which three of the sequons were simultaneously mutated and one construct with all four potential N-glycosylation sites simultaneously mutated. Western blot analysis of lysates from transiently transfected HEK-293 cells indicated that each of the six double mutants had different N-glycosylation patterns and that the total N-glycan content of TTYH2 was not contained within any two N-glycosylation sequons ( Figure 6A ). This also supported our proposal from the results shown in Figure 4 that all four Nglycosylation sites are occupied. The predominant band from the Asn 31 /Asn 129 double mutant had a lower molecular mass than the other double mutants, suggesting that one or both of these sites is more heavily glycosylated. Consistently, the predominant band from the Asn 283 /Asn 352 double mutant had a higher molecular mass than the other double mutants, suggesting that one or both of these sites is less heavily N-glycosylated. In addition to the predominant lower-molecular-mass band, the TTYH2 mutant expression constructs in which the sequons Asn 283 were retained, each generated a prominent higher-molecular-mass product in HEK-293 cells. Interestingly, less prominent higher-molecular-mass bands were apparent from the TTYH2 mutant expression constructs in which the sequons Asn 129 /Asn 352 and Asn 129 /Asn 283 were retained. The presence of these higher-molecular-mass bands is consistent with increased, heterogeneous N-glycosylation of at least one of the two remaining sequons.
Western blot analysis of the triple N-glycosylation site mutants indicated that three of the triple mutants had similar glycosylation patterns whereas the fourth, Asn 129 /Asn 283 /Asn 352 , displayed a heterogeneous population of glycans ( Figure 6B ). Finally the quadruple N-glycosylation site TTYH2 mutant migrated at the same molecular mass as PNGase F-treated TTYH2-Myc ( Figure 6B ) which corresponds with the predicted molecular mass for the TTYH2-Myc peptide backbone ( Figure 1B) . These results confirm that the majority of post-translational modifications of TTYH2 are N-linked sugars and that each N-glycosylation sequon is occupied and are consistent with heterogeneous Nglycosylation of at least one of the consensus sites of this protein.
Complexity of N-glycan content of TTYH2 consensus N-glycosylation sites
To examine the complexity of N-linked glycans present at each site, lysates from HEK-293 cells transfected with TTYH2-Myc triple mutants, in which only one N-glycosylation site remained intact, were digested with Endo H and then examined by Western blot analysis using an anti-Myc antibody. As shown in Figure 7 , 
Effects of incomplete N-glycosylation on cellular processing of TTYH2
N-glycosylation is necessary for a number of cellular processing functions including protein folding, stabilization and trafficking [16] , and incorrectly processed N-glycosylated proteins are subjected to proteasome-mediated degradation [14] . It was apparent from our Western blot analyses (Figures 4 and 6 ) that the level of TTYH2 expressed by transfected HEK-293 cells was affected by the number of deleted N-glycosylation sites (increasing the number of deleted sequons generally resulted in decreased TTYH2 levels). Accordingly, we analysed wildtype and the N-glycosylation site mutant TTYH2 for differences in cellular processing, examining the effect of deletion of Nglycosylation sequons on expression levels and localization of this protein on the cell surface. TTYH2 protein levels in transfected HEK-293 cells were examined by densitometric analysis of Western blot autoradiographs from three separate experiments. The level of TTYH2-Myc was normalized to the level of the cytoplasmic protein GAPDH and averaged across the three experiments. As shown in Table 1 , deletion of one consensus N-glycosylation site had little impact on TTYH2 levels. Simultaneous deletion of two N-glycosylation sequons also had little impact on TTYH2 levels, except for the construct retaining the Asn 31 /Asn 129 sites which had levels reduced to 90 % of wildtype (Table 1 , double mutations). In experiments using the triple N-glycosylation site mutant expression constructs, deleting all but the N 129 HT or N 283 VT sequons generated TTYH2 levels of 86 % and 87 % respectively, relative to wild-type. In contrast, elimination of all but the N 31 ST or N 352 SS sequons reduced protein levels to 62 % and 76 % respectively, of wild-type TTYH2 (Table 1 , triple mutations). Most notably, deletion of all four Nglycosylation sites impacted markedly on TTYH2 levels, reducing the protein to 15 % of wild-type (Table 1 , quadruple mutant).
The impact of deletion of consensus N-glycosylation sites on plasma-membrane localization of TTYH2 was examined by cell-surface biotinylation and confocal microscopy analyses. Biotinylation experiments were performed on intact, HEK-293 cells transiently transfected with either wild-type, the Nglycosylation site triple mutant or the quadruple mutant TTYH2-Myc expression constructs. Western blot analysis using an anti-Myc antibody was performed on separated plasma membrane and cytoplasmic proteins, permitting examination of the effect of N-glycosylation on the location of TTYH2. As shown in Figure 8 (A), wild-type and each N-glycosylation mutant TTYH2 (the four triple mutants as well as the quadruple mutant) were each detected in plasma membrane (biotinylated) and cytoplasmic (non-biotinylated) fractions. Intriguingly, in addition to a TTYH2 band common to both cytoplasmic and cell-surface fractions, each of the plasma-membrane fractions contained a slightly highermolecular-mass band that was not detected in cytoplasmic TTYH2 (Figure 8A, arrowheads) . This band was particularly obvious in the lane containing lysates from cells transfected with the TTYH2-Myc N-glycosylation site quadruple mutant construct. As this construct is incapable of producing TTYH2-Myc modified by N-glycosylation, the higher-molecular-mass band can only be due to a non-N-linked oligosaccharide modification. Figure 8 (A) the higher band is less obvious for the triple N-glycosylation site mutants, careful comparison of these lanes with relevant lanes in Figure 6(B) , indicated a consistent lack of this band in cytoplasmic fractions and whole cell lysates. Note that the triple mutant retaining the sequon at Asn 31 does generate a higher-molecular-mass band in whole cell lysates ( Figure 6B ). However, it is apparent from Figure 8 (A) that there is an additional band in the cell-surface fraction. We propose that the higher-molecular-mass band unique to plasma-membrane TTYH2 is due to a non-N-glycosylation post-translational modification which is probably necessary for further processing at the cell surface (for example to localize this protein in a cell-surface micro-domain).
Although in
To further examine cellular processing of TTYH2, HEK-293 cells transiently transfected with either wild-type or the N-glycosylation site triple or quadruple mutant TTYH2-GFP expression constructs were analysed by confocal microscopy. Consistent with the results of cell-surface biotinylation experiments, and as shown in Figure 8(B) , wild-type and Nglycosylation site triple mutant and quadruple mutant TTYH2-GFP were detected on the plasma membrane as well as in the cytoplasm of transiently transfected HEK-293 cells. These results from confocal microscopy and biotinylation analyses indicate that fully, partially and non-N-glycosylated TTYH2 are able to localize to the cell surface. Thus, although N-glycosylation does impact on the level of TTYH2 generated in transiently transfected HEK-293 cells, it is not essential for localization of this protein in the plasma membrane.
Increased TTYH2 ubiquitination is associated with deletion of N-glycosylation sequons
We have shown that deletion of N-glycosylation sites impacts on the level of TTYH2-Myc produced by transiently transfected HEK-293 cells. It is known that incorrectly and incompletely processed N-glycosylated proteins are targeted for degradation in a process requiring poly-ubiquitination of the defective protein [14, 17] . Accordingly, we examined the level of ubiquitination of wild-type and N-glycosylation site mutated TTYH2. HEK-293 cells transiently transfected with either wild-type or the triple or quadruple N-glycosylation site mutant TTYH2-Myc expression constructs were incubated with the proteasome inhibitor MG-132 to prevent degradation of ubiquitinated proteins. Lysates were fully reduced and denatured, as previously described [18, 19] , to disrupt interactions of TTYH2 with other proteins and were then subjected to immunoprecipitation using an anti-myc monoclonal antibody. Ubiquitinated TTYH2-Myc was detected by Western blot analysis using an anti-ubiquitin antibody. As shown in Figure 9 , ubiquitinated TTYH2-Myc was clearly detected in cells transfected with each of the mutant constructs as a smear from ∼ 80 kDa to greater than 250 kDa. Little ubiquitination was apparent of wild-type TTYH2-Myc, and the levels of ubiquitinated TTYH2-Myc were highest in cells transfected with the quadruple N-glycosylation site mutant construct. Consistently, reprobing the membrane with the anti-Myc antibody indicated that immunoprecipitation captured approximately equal amounts of TTYH2 from HEK-293 cells transfected with wild-type and each of the mutant constructs. These results indicate that deletion of Nglycosylation sites of TTYH2 resulted in increased ubiquitination of this protein.
DISCUSSION
Glycosylation is the most common post-translational modification and is essential for protein processing including folding, stability, degradation, trafficking, secretion and plasmamembrane localization of proteins [20] . The Tweety proteins are a family of recently identified putative Cl − channels predicted to be modified by N-glycosylation and, controversially, to contain five [1, 2] or six [3] membrane-spanning domains, leading to the contentious proposal that members of this family do not share the same topology at the plasma membrane. In humans, three family members, designated TTYH1 [1] , TTYH2 [2] and TTYH3 [3] , have been identified. Full-length TTYH2 and TTYH3 have been described as ionomycin, Ca 2+ -dependent Cl − channels whereas TTYH1 does not function as an ion channel. In contrast, a TTYH1 isoform, variant at the C-terminal, is proposed to function as a volume-regulated Cl − channel [3] . To gain greater insight into the plasma membrane topology and cellular processing of Tweety proteins we have examined the sequence homology, hydrophobicity and N-glycan content of members of this family. We have shown that human, mouse and rat Tweety proteins share a high degree of sequence identity, possess five hydrophobic regions of sufficient length to span cellular membranes and contain three or four consensus N-glycosylation sites with two of these sites absolutely conserved. Using the glycosidases PNGase F and Endo H we have shown that TTYH1, TTYH2 and TTYH3 are all modified by high-mannose, hybrid and complex oligosaccharides, indicating that N-glycosylation will be important in the cellular processing and functions of members of this family. Focusing on TTYH2 as a model for structural analysis of Tweety family proteins, we have employed detailed site-directed mutagenesis to demonstrate that all four N-glycosylation sequons of TTYH2 are occupied by sugars. As our TTYH2 results were inconsistent with the report of Suzuki and Mizuno [3] showing N-glycosylation of only one of the three consensus sites of TTYH3 (N 351 GT) in CHO Displayed on the proposed membrane topology of TTYH2 are consensus N-glycosylation sites (N), transmembrane (TM) domains, ECLs, an acidic-residue-rich region predicted to be involved in Ca 2+ sensing, arginine and histidine residues proposed to form the pore region of Tweety family Cl − channels and, within ECL2, cysteine residues (C) potentially involved in disulfide bond formation.
cells [3] , we performed analysis of this sequon in three different cell lines. These experiments indicated that mutation of either the first or third codon of the N 351 GT sequon resulted in the reduction in molecular mass of TTYH3 but did not account for the complete N-glycan content of this protein in CHO, HEK-293 or COS cell lines. Thus, in contrast with the work of Suzuki and Mizuno [3] , our analyses indicate that N 351 GT is not the only N-glycosylation site of TTYH3 modified by the addition of oligosaccharides.
Based on these observations and previously reported structure prediction analyses of TTYH1 [1] and TTYH2 [2] , we are proposing a membrane topology of Tweety family proteins which is different from the model suggested by Suzuki and Mizuno [3] . These authors proposed a structure incorporating six membranespanning domains with N-and C-termini located on the same face of the membrane [3] . In contrast, we propose the structure shown in Figure 10 which incorporates five membrane-spanning domains with a topology at the cell surface in which the Nterminus is located extracellularly and the C-terminus is loacted cytoplasmically. Our model is dependent on the observation that N-glycosylation occurs on the luminal side of the ER membrane; thus only sequons of integral membrane proteins located on this face of the ER can be occupied by oligosaccharides [14] . As we have demonstrated that all four N-glycosylation sites of TTYH2 can be occupied by oligosaccharides, each of the sequons must be located on the luminal side of the ER which orientates extracellularly upon protein trafficking to the cell surface [14] . Occupancy of N-glycosylation sites has been used in this way to assist in determining the topology of other integral membrane proteins, including the retinal cone NCKX2 Na + /Ca 2+ -K + exchanger [21] , the apical sodium-dependent bile acid transporter SLC10A2 [22] and microsomal epoxide hydrolase [23] .
This structure agrees with the '2-2-1' arrangement proposed by Campbell et al. [1] for Tweety and TTYH1 and supported by the analyses of Rae et al. [2] for TTYH2. In this arrangement two closely spaced membrane-spanning domains proximal to the Nterminus are followed by an extended hydrophilic region (>100 residues) and then two more closely spaced membrane-spanning domains. This second transmembrane pair is followed by another extended hydrophilic region (>100 residues) and then a final membrane-spanning domain. Thus, at the plasma membrane, Tweety proteins contain two ECLs (extracellular loops; Figure 10 ) with each loop incorporating one of the two invariant Tweety family N-glcosylation sequons (Asn 129 and Asn 352 for TTYH2 in Figure 10 ). The first ECL of TTYH1 and TTYH3 and the second ECL of TTYH1 and TTYH2 each contain a second N-glycosylation sequon. A unique feature among the Tweety proteins is the consensus N-glycosylation site in the N-terminus of TTYH2. The second ECL, which in both the model in the present study and the Suzuki and Mizuno [3] model incorporates the pore region of Tweety family Cl − channels [1] , is predicted to be less flexible than ECL1 as it contains four cysteine residues which are likely to be involved in disulfide bond formation. The C-terminal, intracellular domain contains an acidic-residue-rich region close to the last transmembrane domain which is predicted to be involved in Ca 2+ sensing [3] . The results of the present study also indicate that incomplete Nglycosylation reduces TTYH2 protein expression levels, with an accompanying increase in ubiquitination of this protein. A role for N-glycosylation in TTYH2 protein expression is suggested by our densitometric examination of Western blot data. TTYH2 levels were lower in cells expressing this protein in which three of the four consensus N-glycosylation sites were deleted. More noteable, TTYH2 levels were reduced by ∼ 85 % in cells expressing this protein in which all four sites had been deleted. An increase in ubiquitination accompanying this incomplete N-glycosylation of TTYH2 was indicated by our immunoprecipitation experiments: TTYH2 triple and quadruple N-glycosylation site mutants were more heavily ubiquitinated than wild-type TTYH2. These results are consistent with the proposal that aberrantly glycosylated proteins are targeted for proteosomal degradation [14] . In contrast with these effects on protein levels and ubiquitination, using two approaches we have shown that cellsurface localization of TTYH2 is less affected by incomplete N-glycosylation. First, separation of plasma membrane and cytoplasmic proteins by cell-surface biotinylation indicated that TTYH2 in which three or all four N-glycosylation sites were mutated retained the capacity of wild-type TTYH2 to traffic to the plasma membrane. Interestingly, these experiments indicated that plasma-membrane TTYH2 is modified by a non-N-glycosylation modification not present in cytoplasmic TTYH2. We suggest that this modification is required for further processing of TTYH2 at the cell surface. Secondly and consistently, confocal microscopy experiments indicated that these N-glycosylation mutant forms of TTYH2 can localize to the plasma membrane. Thus these results indicate that although incomplete N-glycosylation of TTYH2 reduces expression of this protein which is accompanied by an increase in ubiquitination, N-glycosylation is not absolutely essential for TTYH2 trafficking to the plasma membrane.
An interesting observation from the present study was the heterogeneous N-glycan content of human TTYH1, TTYH2 and TTYH3, indicating that each protein contains high-mannose, hybrid and complex sugars. This was supported by our detailed mutagenesis analysis of TTYH2 which indicated that Asn and, to a lesser extent, Asn 31 accept both Endo H-sensitive (high-mannose) and -resistant (complex) N-glycans (Figure 7 ). This N-glycosylation pattern of TTYH2 differs from the general observation for glycoproteins in which complex-type N-glycans occur at the N-terminus and high-mannose sugars at the C-terminus [24] . In addition, although our results from transfected cells clearly indicate that each N-glycosylation sequon of TTYH2 can be occupied (and therefore oriented extracellularly at the plasma membrane), by no means does this accessibility indicate that the four sites of endogenous TTYH2 will be fully occupied. Of relevance, digestion of wild-type TTYH2-Myc with Endo H completely deprived a large percentage of this protein of Nglycans ( Figure 3B ), suggesting that this percentage of TTYH2 molecules were associated with Endo H-sensitive N-linked sugars only. This may indicate that Asn 283 , which exclusively contains Endo H-resistant types of glycans (Figure 7) , is unglycosylated in at least this fraction of wild-type TTYH2-Myc. Therefore Asn 283 may function as an alternative N-glycosylation site, similar to Asn 570 of the vitamin-K-dependent carboxylase [25] and Asn 592 of the renal electrogenic Na + -HCO 3 − cotransporter (NBCe1) [26] . Such N-glycosylation heterogeneity helps to create discrete subsets of a protein with different physical and biochemical properties that potentially lead to functional diversity [27] .
In summary, based on N-glycosylation studies and amino acid sequence analyses, we are proposing that the members of the Tweety protein family are integral membrane proteins which contain five transmembrane domains with a topology at the cell surface in which the N-terminus is located extracellularly and the C-terminus cytoplasmically. Our analyses also indicate that N-glycosylation impacts on TTYH2 protein levels, ubiquitination and, to a lesser extent, on its cellular localization. This information will be important for the characterization of Tweety family proteins in normal physiology and disease.
